The interaction between a nucleon and a A isobar is studied. The nucleon-E potential is derived from a nonrelativistic quark model. It is compared with a corresponding one based on meson exchange. The quark-model potential is strongly repulsive at small relative distances. The efFects of the potential on elastic and inelastic nucleon-nucleon and pion-deuteron scattering are calculated. Some observables show sensitivity with respect to the chosen nucleon-4 potential.
I. INTRODUCTION
The 4 isobar is an important mode of nucleonic excitation. It is seen as a resonance in pion-nucleon scattering and photopion and electropion production &om the nucleon. In nuclear structure, the 4 isobar is an agent for corrections [1, 2] in the traditional picture of the nucleus as a system of nucleons only: It is considered a nuclear constituent in addition to nucleons. Its excitation in the nucleus yields many-nucleon forces and many-nucleon currents for electroweak processes. In nuclear reactions, the b, isobar provides a mechanism [3, 4] for pion scattering, pion production, and pion absorption.
The interaction of the 4 isobar with nucleons is exper-imentaQy unobservable and theoretically unknown to a large extent. The conceptual consistency between the 6 isobar, bound in nuclear systems, and the pion-nucleon P33 resonance, embedded in the nuclear medium, can only be given by models for the structure of the isobar and resonance. Thus the 4 isobar's effects on nuclear observables have to be studied theoretically and are model dependent.
This paper explores the properties of the two-nucleon system above the pion threshold in their dependence on a chosen nucleon-b, potential.
The paper uses two models for the nucleon-6 potential. One model is based on nonrelativistic quark dynamics between composite baryons, the other on meson exchange between elementary baryons. The predictions for observables of the two-nucleon system above the pion threshold arising from the two different potential models are compared. Section II describes the employed potentials in configuration space and discusses their similarities and differences. Section III recalls the technical apparatus for calculating the observables of elastic and inelastic Present address: Centro de Fisica Nuclear da Universidade de Lisoba, P-1699 Lisboa Codex, Portugal, and CEBAF, 12000 Jefferson Ave. , Newport News, VA 23606. nucleon-nucleon and pion-deuteron scattering. Section IV presents the results and conclusions.
II. POTENTIAL BETWEEN A NUCLEON AND A A ISOBAR
The nucleon-6 potential is not directly accessible in experiments. Nevertheless, there are attempts to extract nucleon-6 phase shifts and other features of the nucleons. interaction from data [5, 6] . However, the extracted properties of the nucleon-6 interaction are rather model dependent without rigorous theoretical meaning. This section compares two theoretical models for a nucleon-6 potential. In both models, the 6 isobar is considered a stable baryon. In the potential based on meson exchange, the b, isobar is elementary as the nucleon (N) is, difFering &om the nucleon by its mass, quantum numbers, meson coupling constants, and form factors. In the potential based on nonrelativistic quark dynamics, the nucleon and 6 isobar are both composite. However, the decay of the 6 isobar to pion-nucleon states is not incorporated in the considered quark model; thus, the 6 isobar is also a stable baryon in the considered quark description.
A. Potential based on nonrelativistic quark dynamics
The nucleon-4 potential is derived &om nonrelativistic quark dynamics. The employed quark model works with quark degrees of &eedom only, the gluon ones being &ozen into effective quark masses mq and into effective quark potentials Vqq of two-body nature. The quark model is that of Ref. [7] . Up and down quarks are considered only. The quark masses are assumed to be isospin independent.
The quark Hamiltonian 'Rq is 'Rq -Qqo+ Pqq~w Refs. [7] and [8] ; they are listed in Table I ). f p' dp' ) J p dp(r' into the denominators, the definition (2.6c) of the potential takes into account that the basis states are not normalized. The second term of Eq. (2.6c) takes out the internal quark energies of the separated nucleon-b. system; it ensures the vanishing of the nucleon-b, potential at large separations. Only the one-gluon and one-meson exchanges contribute [10] . The one-gluon-exchange part of the quark-quark potential makes its contribution when the two baryonic quark clusters overlap. The tail of the nucleon-6 potential is dominated by sigma and pion exchange, both getting identical there to standard mesonexchange nucleon-4 potentials.
References [7] , [9] , and [ll] demonstrate that the quark Hamiltonian based on the potentials (2.2) yields a satisisfactory description of experimental properties in oneand two-baryon systems, when described in the framework of the resonating group method. Furthermore, the validity of the Born-Oppenheimer approximation is studied for the two-nucleon interaction in Refs. [12] and [13] . It is found to re8ect the qualitative features of the twonucleon interaction as seen in a full resonating group treatment.
Thus the approximation (2.6c) is also assumed to provide the qualitative characteristics of the nucleon-4 potential and is therefore adopted in this paper.
In a quark References [14] and [15] employ a nucleon-6 potential V~a derived from meson exchange. The mesons considered there are the pion, sigma, rho, and omega. All mesons contribute to the direct potential V&&, only the pion and rho mesons also contribute to its exchange part V~&. The potential acts in states of isospin T = 1 and 2; only its isotriplet T = 1 states couple to those of the two-nucleon and pion-deuteron systems. In nonrelativistic approximation of lowest order, the nucleon-6 potential becomes local in configuration space and takes the (1, 2) and S~+&(1,2) are defined as S/va (1, 2) 
The meson coupling constants and the regularizing cutofI' masses of the hadronic form factors required for the radial shapes of the potentials V&~&(r) and VN&(r) are not made explicit in Eqs. (2.8) . Those parameters are experimentally unknown. The coupling constants between mesons and 6 isobar are scaled from the corresponding nucleonic ones by means of a naive SU(2) quark model [16] , except for the pion-nucleon-6 case. All potential parameters are those of Table II in Ref. [15] , with further explanations given in Ref. [14] . The exchange of the sigma, rho, and omega mesons also yields a spin-orbit part in the direct potential V~&(r). That part was left out in the calculations of Refs. [14, 15] ; it will be left out, for reasons of consistency with the quark-model-based potential, in the present calculation as well as is therefore not included in the potential (2.8).
In applications, the nucleon-6 potential is used in a partial-wave projected form, corresponding to the form of Eq. (2.6b).
C. Comparison of the two difFerent N-dL potentials
The nucleon-6 potentials are compared in configuration space. Characteristic features are the following: The potential derived from nonrelativistic quark dynamics is rather smooth; at relative distances smaller than 1 fm, it becomes strongly repulsive in most partial waves; the coupling between partial waves connected by the tensor part of the potential is weak. In contrast, the potential based on meson exchange has more structure; in particular, a remarkable attractive pocket at small relative distances exists in most partial waves; the tensor coupling is strong. Both potentials become almost identical outside 2 fm: However, the pion-nucleon-4 coupling strength employed in the meson-exchange potential [14] is derived Rom 6 decay and therefore differs form the one effectively arising in the quark-model potential; thus, the pion-exchange parts of the two potentials cannot become fully the same in their tails. Furthermore, though the sigma-meson coupling constant is almost the same in both potential models, the sigma mass, the cutofF mass, and the form of the regularization are so difI'erent that the two potential models still remain distinct at distances between 1.5 and 2 fm. The configuration-space comparison between the two potentials is carried out in Fig. 1 for some important isotriplet partial waves, i.e. , Sq, S2, and P3. That comparison confirms the general characteristics of the potentials.
The FIG. 1. Nucleon-A potential V~~in the isotriplet partial waves S1, Sq, and Pq as function of relative distance r between baryons.
Those partial waves are coupled ones. The channel-diagonal potentials are shown, except for the tensor-coupled potential S2-D2, which is also given. The solid curve refers to the quark-model nucleon-E potential of this paper, the dashed curve to the meson-exchange nucleon-A potential of Refs. [14, 15] . quark-model nucleon-6 potential is consistent with previous work: Six-quark states can be classified by irreducible representations of the spin-isospin SU(4) group.
Only its (5, 1} orbital symmetry occurs in the S = T = 1 and S = T = 2 partial waves. References [12] and [17] demonstrate that at zero relative distance the spinisospin (5, 1}symmetry can just be combined with the orbital [4, 2] symmetry to a totally antisymmetric quark state, the totally symmetric [6] symmetry being forbidden. In the resonating group description of two-nucleon scattering, that forbidden state of orbital [6] symmetry produces a node in the relative two-nucleon wave function according to Ref. [18] and that node e8'ectively yields hard-core-type two-nucleon phase shifts. The description of two-nucleon scattering in terms of local Born-Oppenheimer potentials corresponding to Eq. (2.6c) simulates the same short-range repulsion in a diferent way: In those partial waves in which the forbidden state occurs, the normalization N[r(LS) IT], included in the definition (2.6c) of the potentials, vanishes at small relative distances as r4, making the potential repulsive at short distances and even singular at r = 0; when expanding the quark-quark potentials in terms of Gaussian for computational convenience, that singularity gets regularized, though the short-range repulsion remains qualitatively untouched. Returning to the nucleon-6 potential of Eq. (2.6), the short-range repulsion in partial waves with forbidden orbital [6] symmetry does not arise dominantly &om the one-gluon exchange, whose matrix elements vanish in the same way as the wave function overlap. Instead, the short-range repulsion arises mostly from the meson
exchange between quarks, whose matrix elements vanish with a smaller power in r than the wave function overlap.
Thus the meson-exchange contribution is enhanced by the decreasing overlap, according to the definition (2.6c) of the nucleon-6 potential. That described source for repulsion is illustrated in Fig. 2 . In contrast, in partial waves in which the totally symmetric orbital symmetry [6] is not forbidden at zero relative distances, e.g. , in the isotriplet 82 partial wave, the repulsion is dominated by gluon exchange. Phenomenologically, such a short-range repulsion is supported:
The theoretical analysis of elastic piondeuteron scattering by Ferreira and Dosch [19] suggests a strong short-range repulsion for the nucleon-b, inter- rect and exchange nucleon-A potentials whose sects on the two-nucleon system above the pion threshold are studied in this paper. Process (e) is of one-baryon nature; it is assumed to yield the full pion-nucleon interaction in the P33 partial wave by iteration. Process (f) stands for the pion-nucleon potential in partial waves other than P33 All parts of the interaction contribute to isotriplet partial waves. In isosinglet partial waves, the interaction reduces to process (a). action in the Sq wave. Furthermore, there is evidence for such a repulsion Rom the description of inelastic pion scattering off C within the &amework of the A-hole model [20] . The meson-exchange nucleon-4 potential is dominated by pion and sigma exchange at large relative distances.
At small relative distances, all mesons contribute with weights which depend on the partial wave. The somehow unsmooth behavior of the potential there, e.g. , the attractive pocket in the isotriplet partial waves Sq and sS2 of Fig. 1 , is a remainder of the 8-function contributions to the spin-dependent parts V (r) and V'(r) of the potential which are regularized with large cutoH masses. In case the meson exchanges were regularized by taking out the b-function contributions entirely, the meson-exchange nucleon-6 potential would show repulsion at small relative distances in the isotriplet partial waves Sq and Sq in qualitatively the same way as the quark model does. Fig. 3 for baryon number 2; the projector onto the purely baryonic sector is denoted by PN, the one onto the sector with a 6 isobar by Pn, and the one onto the sector with a pion by Q.
The Hamiltonian acting in that Hilbert space has the kio (pp-X} 30 netic energy part Ho and the interaction part Hq. The building blocks of the interaction are displayed in Fig.  4 ; they can couple the di8'erent sectors of the Hilbert space. The description of the considered reactions uses the Alt-Grassberger-Sandhas [21] three-particle scattering theory extended to accommodate particle absorption [22] . The technical apparatus of Ref. [15] is taken over without essential changes for the calculation.
Kinematically, relativistic expressions are used for the observables. In contrast, the one-shell multichannel tran- Fig. 4 , the nucleon-4 potential being the meson-exchange one in the identification (3.2b), thus slightly changed compared with Ref. [15] ; the effective-range parameters are a = -17.53 fm and rp --2.84 fm. The crosses refer to the Paris potential, whose effective-range parameters are a = -17.53 fm and rp = 2.88 fm. Coulomb-subtracted phase shifts are shown. A comparison to experimental data is omitted, since it would require the inclusion of the Coulomb interaction in the calculation of the phase shifts. The force model of Ref. [15] does not define the nucleon-A potential according to Eq. (3.1) and therefore does uot show exact phase equivalence at zero kinetic energy. The phase nonequivalence would not show up as sizable in the figure; however, the efFective-range parameters are with a = -20.04 fm and rp --2.80 fm dramatically difFerent. sition matrix required for calculating the observables is derived with a half-relativistic form of the kinetic energy operator Ho, i.e. , the baryons being treated nonrelativistically, the pion relativistically: The experimental c.m. energy of a reaction is evaluated relativistically from the laboratory energy and then taken as the available energy for the transition matrix of the calculation, for which the on-shell momenta are theoretically determined from that energy according to half-relativistic kinematics; in that way the employed transition matrix becomes on shell in an internally consistent form. That kinematic identification between experimental kinematics and theoretical description is indeed a nonunique recipe. A variety of alternative recipes is possible, and in nucleon-nucleon scattering the theoretical predictions depend on that recipe, as Fig. 5 demonstrates for the total cross section: The solid curve follows the identification adopted in this paper. For the results given by the dashed curve, the c.m. energy used in the calculation is related nonrelativistically to the experimental laboratory energy as in Ref. [23] . The dependence of results on the kinematic identification between experimental and theoretical descriptions is most severe in nucleon-nucleon scattering.
Dynamically, the choice of the interaction Hz in the force model of Fig. 4 also follows mostly Ref. [15] .
(1) The pion-nucleon interaction is assumed to proceed exclusively in the Pss partial wave, being mediated solely by the excitation of the 4 isobar according to Fig. 4(e) .
The pion-nucleon potential in all other partial waves, i.e. , process (f) of Fig. 4 , is neglected. Furthermore, also the nucleon-nucleon potential in the presence of a pion, i.e. , process (g) of Fig. 4 , is left out. Thus the interaction in the Hilbert sector with a pion is assumed to vanish altogether, i.e. , QHqQ = 0. In the description of the considered reactions, baryonic transition matrices are computed as intermediate technical quantities to which the propagation in the pionic sector contributes effective interaction corrections of one-baryon and two-baryon nature, i.e. , Pa6Ho(z)P~a nd P~6H&(z)Pa, respectively, z being the energy available for the respective processes.
Those corrections only occur in the Hilbert sector with a b, isobar. They are illustrated as processes (a) and (d) in Fig. 6 ; they are given there already specialized to the adopted assumption QHqQ = 0. 1) is slightly changed compared to the definition (2.24) of Ref. [15] . The pionic corrections PrIbHo(z)Pa and Pri, bHi(z)Pa in the two-baryon systein are included in that changed definition at zero kinetic two-nucleon energy 2miv Th. e definition (3.1) guarantees exact phase equivalence with the nucleonic reference potential V~iv, here taken to be the Paris potential [24] , at zero kinetic energy, and substantially improves the approximate phase equivalence at small kinetic energies of elastic nucleon-nucleon scattering. That fact is borne out in Fig. 7 . The improvement (3.1) for the two-nucleon part of the force model is conceptually important; however, for aQ the observables reported in Sec. IV is at most in the fourth significant digit and can therefore not been seen in any plot.
(3) This paper studies the efFect of the instantaneous nucleon-6 potential P~HqI'~on the properties of the two-nucleon system above the pion threshold. However, even without such an instantaneous potential, there is an effective energy-dependent interaction PabHi(z)Pm ediated by the exchange of an explicit pion between 6 isobars. The complete two-body nucleon-6 interaction P~[Hi+bHi (z)]Pn, is displayed in Fig. 6 by the processes (b) -(d). Process (c) of Fig. 6 should not contain, that time ordering of pion exchange any longer, which process (d) accounts for in an explicit and retarded fashion.
The efFects of difFerent parametrizations of the nucleon-6 potential are studied.
(3a) In a reference calculation, only the pion-mediated exchange interaction is kept, however, with both its time orderings. Since process (d) of Fig. 6 yields one time ordering only, the other time ordering is to be added as an instantaneous potential in process (c), its particular form chosen as the energy-independent reduction of process (d), i.e. , where z is chosen as for Eq. (3.2a).
(3c) If the pionic contribution Viv& [vr] to the exchange part of the nucleon-b, potential in Fig. 4(d) with z~= 2miv + (p + p' )/2miv, p and p' being the relative nucleon-6 momenta between which the matrix element is to be computed. (3b) In the calculation of this paper, a full instantaneous nucleon-4 potential is employed. The pionic contribution to the direct and exchange parts of the nucleons, potential Viv~, shown as processes (b) and (c) in Fig.   6 and derived &om nonrelativistic quark dynamics, could in principle be isolated; in practice, that isolation of terms is not done. Thus the contribution (d) in Fig. 6 of explicit pion exchange has to be extracted &om VN~i n an energy-averaged form, in order to avoid overcounting that particular process, i.e. , Fig. 9 . The data are taken from the compilation of Ref. [27] and from Ref. [28] . All other building blocks of the force model defined in Fig. 4 are employed as in Ref. [15] . Observables of elastic and inelastic nucleon-nucleon and pion-deuteron scattering are calculated for the force model of Fig. 4 with the instantaneous nucleon-6 potential derived &om nonrelativistic quark dynamics. The predictions are compared to those based on a meson-exchange nucleon-6 potential, Fig. 9 . The data are taken &om Ref.
Pa [Hi + bHi(z)]P=
[28]. Fig. 9 . The data are taken from Refs.
[28] and [29] .
the latter results already given in Ref. [15] . Though the parameters of the meson-exchange potential are taken over unchanged &om Ref. [15] , its identification with the instantaneous nucleon-6 potential P~HqP~of the employed force model has been changed: This paper uses the identification (3.2b), whereas Ref. [15] uses the identification (3.2c). That adjustment, done for the case of comparison with the quark-model-based potential, appears absolutely minor; however, it turns out to create substantial variations in the computed observables. Examples in which the sensitivity is maximal are shown in Fig. 8 ; the examples also prove that the pion contribution in the meson-exchange nucleon-6 potential is most important. Though the two potential contributions 2V&&[a'] and P~b'Hi(z )Pa describe the same physical process, i.e. , one time ordering of pion exchange between a nucleon and a 6 isobar, they describe it in a technically different fashion: The contribution P~bHi(z )P~i s an energy average of process (d) in Fig. 6 and works with very small regularizing masses in the pion vertices; it is therefore a very smooth potential at intermediate mo- Fig. 8 .
IV. RESULTS AND DISCUSSION
Observables of elastic and inelastic nucleon-nucleon and pion-deuteron scattering are calculated. The results refer to total cross sections and spin-averaged and spindependent differential cross sections. All figures of this section are composed in the same way: The results obtained with the quark-model nucleon-4 potential are always shown as solid curves and those with the mesonexchange nucleon-6 potential as dashed curves; reference results, which are derived without a proper nucleon-6 potential, only including a pion-exchange piece according to the identification (3.2a), are given by dotted lines; F&G. p3. Two-nucleon phase shifts b and inelasticities p as a function of the nucleon laboratory kinetic energy. The scattering parameters in the uncoupled partial waves P~, D2, and I'3 are shown. The curves have the same meaning as in Fig-9 .
The experimental phase shifts are de6ned with respect to Coulomb-distorted plane waves; the calculation omits the Coulomb potential. This difFerence is immaterial at the considered energies. The experimental phase shifts are taken from Ref. [30] . Fig. 9 . The data are taken from Refs. [31] and [32] . Total spin-averaged and spin-dependent cross sections are shown in Figs. 9 and 10 for two-nucleon scattering. The total proton-proton reaction cross section is far too small at high energies; the improvement by the nucleon-6 potentials is minor. In contrast, the spin-dependent proton-proton reaction cross sections get remarkably improved by the inclusion of the meson-exchange nucleon-6 potential, which also does well for the reaction pp -+ x+d according to Fig. 11 . In contrast, the total pion-deuteron reaction cross sections are better described by the quarkmodel nucleon-6 potential, as can be seen in Fig. 12. [15] used the real part of the energy-dependent pion-exchange interaction PaH, (z)Pa only All result. s of this paper were therefore obtained first with the approximation, and those results are plotted in this paper. However, all results were now also recalculated without that approximation, keeping P&H&(z)P& in full with its real and imaginary parts. The difFerence in results is almost invisible except for the differential cross section of elastic pion-deuteron scattering in Fig. 16(a) ; all results of Fig. 16 refer to that improved calculation, in contrast to the other figures in this paper. Fig. 9 the data are taken from Ref. [6] . Fig.  9 . The data are taken from Refs. [34] and [35] . ties in three partial waves, i.e. , Pq, D2, and I"3~B y construction the employed force models are almost phase equivalent with the purely nucleonic reference potential V~~of Eq. (3.1), i.e. , the Paris potential in the calculations of this paper, as Fig. 7 proves. This is the reason why phase shifts are inelasticities below 300 MeV nucleon laboratory kinetic energy are not displayed.
B. Elastic nucleon-nucleon scattering
Phase shift parameters are extracted from the on-shell transition matrix elements in all important partial waves.
The inclusion of a nucleon-6 potential yields a solid effect in the Pq and D2 partial waves; the effect is larger and more structured for the meson-exchange nucleon-6 potential; the inelasticity in D2 is decreased; the enhanced decrease for the meson-exchange nucleon-4 potential may be due to its strong tensor coupling as Ref. [15] suggests. In all other partial waves considered, the effect is small; the I"3 partial wave is shown as an example. Improvement of the theoretical predictions compared with experimental data is, however, never globally achieved. The smooth quark-model nucleon-6 potential affects nucleon-nucleon scattering by very little; its strong short-range repulsion, i.e. , in the isotriplet Sq nucleon-6 partial wave, is not effective in nucleonnucleon scattering, since it does not couple.
C. Pion production in nucleon-nucleon scattering
Observables of the two reactions pp~v r+d and pp + n6++ (per+) in proton-proton scattering are discussed. In the second process, three-body final states are only considered in the kinematic regime in which the proton and the positive pion form a Pqs resonance 6++ [6] . Theoretical predictions for the spin-averaged and spin-dependent differential cross sections are calculated for the two proton laboratory kinetic energies 578 and 800 MeV; they are displayed for the first reaction in Fig. 14 Fig. 15 .
Most observables of both reactions show strong sensitivity with respect to the inclusion of a nucleon-6 potential as already noted in Ref. [33] . Exceptions are the tensor polarizations T2 in pp m vr d, which remain pretty unafFected and which are therefore not shown. The changes with energy are milder for the quark-model potential which has less failures in its predictions of data, especially at higher energies, though it cannot claim broad success either. In contrast, the predictions based on the meson-exchange nucleon-4 potential get even worse at higher energies.
D. Elastic pion-deuteron scattering
Observables of elastic pion-deuteron scattering are calculated for the pion laboratory kinetic energies 140 and 265 MeV. They are displayed in Fig. 16 . In piondeuteron scattering, the isotriplet nucleon-L Sq partial wave can operate. Its strong short-range repulsion in the quark-model potential may be responsible for the fact that the differential cross section is not deepened with increasing energy. The effect is in contrast to the spectacular improvements seen by Ferreira and Dosch [19] for a similar interaction, however, seen there in the qualita-tively insufBcient Born approximation treatment of the nucleon-4 potential. Again, the effects of the quarkmodel nucleon-4 potential are milder and less energy dependent compared with those of the meson-exchange nucleon-6 potential. Fig. 9 .
E. Pion
Pion-induced breakup of the deuteron is considered in the kinematic regime in which the proton and positive pion form a P33 resonance 6++, i.e. , in the reaction x+2 m nA++(pm+). Only the difFerential cross section is calculated for the pion laboratory kinetic energies 140 and 256 MeV. The results are documented in Fig.  17 . Experimental data do not exist yet. The differential cross section does not indicate any pronounced dependence on the nucleon-6 interaction as already observed in Ref. [36] .
The results of Secs. IVA -IVE indicate a strong sensitivity of many observables in the two-nucleon system above the pion threshold on the inclusion of an instantaneous nucleon-6 potential. Two models of the nucleon-6 potential were studies and their predictions compared, one based on quark-model dynamics, one on meson exchange. Compared with theoretical predictions without its inclusion, there are some improvements by either of the two choices and some dramatic failures by both. Thus neither model for the nucleon-6 potential can be pre-ferred over the other. One has also to keep in mind that any spin-orbit contribution is still left out. The sensitivity of observables on the inclusion of a nucleon-4 potential may be felt to be disturbing; we consider it encouraging: The sensitivity will eventually allow the nucleon-4 potential to be tuned to the data. Such a program for tuning the nucleon-4 potential remains at present out of reach, since calculations are still too complicated and not streamlined yet to base a 6t on them. Nevertheless, such a project should be aimed at the future.
